A cDNA fragment encoding the cysteine protease inhibitor, cystatin, was cloned from pineapple (Ananas comosus) stem. This clone was constructed in a fusion vector and was easily over-expressed in Escherichia coli; satisfactory over-expression of non-fusion cystatin was achieved after an additional start codon was inserted prior to its coding sequence. Both recombinant cystatins were predominately found in the soluble fraction of the cell extract, and were demonstrated to be functionally active in a reverse zymographic assay. The fusion and non-fusion cystatins were separately purified to homogeneity via a His-tag or papain-coupling affinity column. Effective inhibitory activity against papain was detected with both the fusion and non-fusion cystatins with comparable K i values of 1:18 Â 10 À10 M and 9:53 Â 10 À11 M, respectively. The recombinant cystatins were found to be thermally stable up to 60 C. Inhibition of the endogenous protease activity in minced fish muscle revealed that the recombinant pineapple cystatins might be an adequate stabilizer to prevent protein degradation during industrial food processing.
Cystatins, the natural inhibitors of cysteine proteases, were first identified from animal sources and have been extensively investigated for their physiological functions and reversible tight-binding interaction with inhibited enzymes over the last decade. 1) They are involved in such biological and pathological processes as tumor invasion, inflammation, antigen processing, dystrophy, metastasis, and immunomodulatory responses.
2) Several plant proteins have recently been found homologous to animal cystatins and their corresponding cDNAs were cloned. 3, 4) On the basis of their sequence uniqueness, these plant cystatin-like proteins have been classified as a new subfamily termed phytocystatins.
The roles of phytocystatins have been proposed as to regulate endogenous cysteine proteases taking part in various biological activities; e.g., mobilizing stored reserves during embryogenesis and seed germination, 5, 6) and responding to biotic and abiotic stresses. 7) They may also be involved in defensive mechanisms to protect plants from the invasion of pathogens whose cysteine proteases play a role in cell replication, or from attack by pests whose cysteine proteases serve as digestive enzymes in the gut.
3) Phytocystatins have also been found to be implicated in programmed cell death by modulating cysteine protease activities in the regulation of protein turnover. 8, 9) Moreover, phytocystatins have been supplemented as a stabilizer in food processing and considered for other biotechnological applications. 3, 10) Bromelain, the crude protein extract from pineapple stem, has shown potential therapeutic action against trauma, inflammation, autoimmune diseases and malignant disorders.
11) The mechanisms for these pharmacological effects are not yet fully understood. Identification of the proteins and corresponding genes in the pineapple stem is limited; only the bromelain isoforms, 12) ananain, 13) comosain, 13) and bromelain inhibitors 14) have been reported in the literature. Interestingly, no single protein could completely replace the protein extract for its pharmacological effects. In an attempt to improve the molecular resources of bromelain for further investigation on the mechanism for its therapeutic action, a cDNA library was constructed from the pineapple stem. Random selection and sequencing enabled a full-length cDNA clone encoding a putative phytocystatin to be found. This clone was over-expressed as fusion and non-fusion proteins in Escherichia coli. These expressed recombinant proteins were purified, characterized, and evaluated for their potential utilization in food processing.
harvested, frozen in liquid nitrogen, and stored at À80 C for subsequent RNA extraction. The stems were soaked in water for 10 min prior to the preparation of total proteins.
RNA isolation and cDNA library construction. Total RNA was extracted from the pineapple stems by using the UltraspecÔ RNA isolation system (Biotecx, Houston, TX, USA). Poly(A)
þ RNA was isolated with a Dynabeads Ò mRNA purification kit (Dynal Biotech, Oslo, Norway) according to the manufacturer's instructions. The isolated poly(A)
þ RNA was dissolved in diethyl pyrocarbonate (DEPC)-treated water and then quantified by measuring at A 260 . A cDNA library of approximately 10 6 plaques was constructed with 10 g of poly(A) þ RNA by using cDNA synthesis, ZAPcDNA synthesis, and ZAP-cDNA Gigapack III Gold cloning kits (Stratagene, La Jolla, CA, USA) according to the protocol described by the manufacturer. Mass excision with the ExAssit helper phage enabled the phage cDNA library to be converted into a bacterial cDNA library containing the pBluescript SK phagemid/ plasmid in E. coli SOLR.
DNA sequencing and sequence analyses. DNA from randomly selected clones was isolated by using the Gene-SpinÔ Miniprep purification kit (Protech, Taipei, Taiwan). The nucleotide sequence of the insert was determined by the dideoxy chain termination method with a BigDyeÔ terminator cycle sequencing kit and ABI 377 DNA sequencer (Perkin-Elmer, Cypress, CA, USA). The full-length sequence of one clone encoding a putative cystatin was identified by a sequence comparison with the BLAST program in GenBank.
15) The sequences were analyzed by the SeqWeb version 2 package (Accelrys, San Diego, CA, USA) hosted by National Health Research Institutes (NHRI, Taipei, Taiwan), the DNAStar suite (DNAStar, Madison, WI, USA) and ProtParam program 16) at the ExPASy Proteomics server (Swiss Institute of Bioinformatics, Geneva, Switzerland). The sequence alignment was constructed with the ClustalW program provided by the T-Coffee server, 17) and the diagram was generated by the chroma program.
18)
Cloning and over-expression of recombinant cystatin proteins in E. coli. According to the cDNA sequence of pineapple cystatin, three primers (AcCYS5, 5 0 -GGA ATT CCA TAT GGC GGA CGA GC-3 0 ; AcCYS3, 5 0 -ACC GGA ATT CTT ACG CAT CGC CC-3 0 ; and AcMCYS5, 5 0 -GGA ATT CCA TAT GGC GGA CGA GC-3 0 ) were synthesized and designed. Primer AcCYS5 contained a NdeI recognition sequence, primer AcM-CYS5 contained an additional start codon in comparison to primer AcCYS5; and primer AcCYS3 had an EcoRI recognition sequence and the stop codon. The pineapple cystatin clone was used as a template for the polymerase chain reaction (PCR) that was conducted with a GeneAmp 2400 thermal cycler (Applied Biosystems, Foster City, CA, USA). The two primers, AcCYS5 and AcCYS3, were added to the reaction (30 cycles at 95 C for 30 s, 53 C for 30 s, and 72 C for 40 s), and a 0.47 kb DNA fragment was amplified. The amplified DNA fragment was ligated into the pGEM-T easy vector (Promega, Madison, WI, USA) and then transformed into E. coli DH5. The nucleotide sequence of the insert was confirmed in both directions by sequencing. The insert DNA fragment was digested with NdeI and EcoRI and then constructed into the non-fusion expression vector, pET29a(þ) (Novagen, Madison, WI, USA), or 6xHis-tag fusion expression vector, pET28a(þ) (Novagen). The DNA fragment was amplified with additional start codon ATG at the 5 0 -end of the pineapple cystatin sequence following the PCR reaction (30 cycles at 95 C for 30 s, 53 C for 30 s, and 72 C for 40 s) with the two primers, AcMCYS5 and AcCYS3. The amplified DNA fragment was also cloned into the non-fusion expression vector, pET29a(þ), or His-tag fusion expression vector, pET28a(þ), as already described. The over-expression of recombinant proteins in E. coli BL21(DE3) was induced under the control of the T7 RNA polymerase/ promoter system, before adding 1 mM isopropyl thio--D-galactoside (IPTG) to the cells with OD 600 $ 0:6. After inducting for 3 hours at 37 C, the E. coli cells were harvested and lysed by sonication in a 10 mM phosphate buffer (pH 8.0). They were then fractionated into soluble and precipitated fractions by centrifugation at 10;000 Â g, prior to SDS/PAGE and western blotting analyses.
Antibody preparation, SDS-PAGE and western blotting. The non-fusion recombinant cystatin over-expressed in E. coli was resolved by glycine-SDS-PAGE 19) and eluted according to the gel extraction method. 20) Antibodies against the recombinant nonfusion cystatin were raised in chickens, and immunoglobulins were purified from egg yolk for immunoassays. 21) In these immunoassays, the proteins resolved by SDS-PAGE were transferred on to a nitrocellulose membrane (Pall, Ann Arbor, MI, USA) in a Trans-Blot system (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. The membrane was subjected to immunodetection by using secondary antibodies conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) and then incubated with 4-chloro-1-naphthol (Sigma) containing H 2 O 2 (Riedel-de Haën, Seelze, Germany) for color development.
Reverse zymography. For the reverse zymographic analysis, SDS-PAGE gel either containing 0.1% (w/v) gelatin or not were incubated in a 10 mM Tris-HCl buffer at pH 7.5 containing 2.5% v/v Trixon X-100 (Sigma) at room temperature for 30 min under gentle agitation. 22) After washing twice in a 10 mM Tris-HCl buffer at pH 7.5 for 30 min each, the gel was incubated with the cysteine protease, papain (10 g/ml), in a protease activation buffer (0.1 M phosphate buffer at pH 6.0 containing 2 mM cysteine and 1 mM EDTA) at 37 C for 1 h. The proteolytic reaction was stopped by transferring the gel to the SDS-PAGE staining solution. After gel staining and destaining, the visible blue bands functionally represented the active cysteine protease inhibitors.
Affinity purification of the recombinant cystatin proteins. Papain was used as a ligand enzyme to prepare an affinity column for non-fusion recombinant cystatin purification. 23) Papain was coupled to CNBr-activated SepharoseÔ 4B (Amersham Biosciences, Uppsala, Sweden) at a concentration of 5 mg/ml of gel according to the manufacturer's instructions. The non-fusion recombinant cystatin from the soluble fraction of the E. coli cell lysate was incubated overnight with papaincoupled resin at 4 C under gentle agitation. The resin was equilibrated with a 50 mM sodium phosphate buffer at pH 6.5 containing 0.5 M NaCl and 0.1% Brij 35, packed into a column, and washed with a 50 mM sodium phosphate buffer at pH 6.5 containing 0.5 M NaCl and 10% (v/v) glycerol. The affiliated proteins were eluted with 50 mM K 3 PO 4 at pH 11.5 containing 0.5 M NaCl and 10% (v/v) glycerol. The eluate was adjusted to pH 7.4 with a 5 M sodium formate buffer at pH 3.0 and then concentrated by an Amicon Ultra-15 instrument (Millipore, Bedford, MA, USA). To enable the His-tagged recombinant cystatin purification, the protein was incubated overnight with TALON resins (Clontech, Palo Alto, CA, USA) at 4 C under gentle agitation. The resin was equilibrated and washed with appropriate buffers according to the manufacturer's instruction. The His-tagged proteins were eluted with a buffer containing 150 mM imidazole, and the eluate was concentrated by Amicon Ultra-15. The protein concentration was determined by the Bradford method 24) with a protein assay kit (Bio-Rad, Richmond, CA, USA).
Papain inhibitory activity measurement. Papain was used as the target enzyme and N-benzoyl-L-arginine-2-naphthylamide (BANA; Sigma) as its substrate with some modifications to perform a cysteine protease inhibitory assay according to the method described by Abe et al. 25) Various amounts of cystatin were incubated with 10 g of papain in a 250-l assay solution containing 0.1 M sodium phosphate at pH 6, 1 mM EDTA, and 2 mM 2-mercaptoethanol at 37 C for 5 min. Subsequently, the proteolytic reaction was initiated by adding 0.1 ml of 1 mM BANA at 37 C for 10 min, and terminated by adding 0.5 ml of 2% HCl/ ethanol. The color was developed by adding 0.5 ml of 0.06% p-dimethylaminocinnamaldehyde (Sigma) in ethanol for 15 min, and the absorbance of the mixture was measured at 540 nm. The inhibitory activity was detected as the decrease in the substrate-hydrolyzing activity of papain and is expressed as A 540 /ml/h. The K i values were determined by Dixon plots, 26) three replicates of each measurement being performed for two recombinant proteins.
Thermal stability test. To determine its thermal stability, the purified recombinant pineapple cystatin was incubated at 20-100 C for 30 min in a 10 mM phosphate buffer (pH 7.5). After cooling at 20 C for 30 min, the residual inhibitory activity toward papain was assayed as already described. The protein was incubated at 100 C for 0-30 min prior to determine the residual inhibitory activity.
Endogenous protease activity measurement of the minced fish muscle. A cysteine protease activity assay was performed in a similar way to the method already described with some modifications, BANA being used as the substrate of proteases and papain as the standard enzyme. Fresh minced Japanese topeshark (Hemitriakis japanica) dorsal muscle was purchased from a local market. To detect the endogenous protease activity, frozen fish muscle was thawed to 4 C in a refrigerator and dissolved in a 10 mM phosphate buffer at 55 C for 30 min. Minced muscle (64 g, 3.2 g/l) was assayed in a 250-l assay solution containing a 0.1 M sodium phosphate at pH 6, 1 mM EDTA, and 2 mM 2-mercaptoethanol at 37 C for 5 min. The proteolytic reaction was initiated by adding 0.1 ml of 1 mM BANA at 37 C for 10 min. After adding 0.5 ml of 2% HCl/ethanol, the color was developed and the absorbance was subsequently determined. The protease activity was detected as the decrease in the substrate-hydrolyzing activity of papain per ml, and is expressed as A 540 /ml/h.
Effect of recombinant cystatin on minced fish muscle.
To assess the effect of cystatin on preventing fish muscle from degradation, 100 mg of minced fish muscle was mixed with different amounts of purified recombinant cystatin and then incubated at 55 C for 30 min. To each sample was added an equal volume of 2Â the sample buffer, and the mixture boiled for 5 min before resolving by 10% SDS-PAGE to examine the change in protein pattern. A densitometric analysis of Coomassie bluestained protein bands by SDS-PAGE was determined with Kodak 1D image analysis software (Eastman Kodak Company, Rochester, NY, USA). The protein bands of actin and myosin heavy chain were separately quantified. The degradation of myosin heavy chain is expressed as the percentage of myosin heavy chain to actin. The percentage for the minced fish muscle without exogenous cystatin and the heat treatment was set as 100%.
Results
Isolation and characterization of a cDNA clone encoding a putative pineapple cystatin During random sequencing of the cDNA library of pineapple stem, a clone encoding a putative phytocystatin was identified by a sequence comparison with the BLAST program. 15) The full-length cDNA fragment of this putative pineapple cystatin comprised 732 nucleotides, consisting of a 97-nucleotide 5 0 untranslated region, an open reading frame of 408 nucleotides, and a 227-nucleotide 3 0 untranslated region. Its deduced protein sequence comprised 135 amino acid residues without any cysteine with a predicted molecular mass of 15.5 kDa and a calculated isoelectric point (pI) of 4.6, and it shared 50-70% identity to the reported phytocystatins. A sequence alignment of the putative pineapple cystatin with other phytocystatin homologs and a chicken egg-white cystatin indicated that the regions contributing to the three-point interaction with cysteine protease were conserved (Fig. 1) . A conserved glycine residue in the N-terminus was crucial for the optimal orientation of its N-terminal domain toward cysteine protease. Two conserved regions were localized on two hairpin loops, one consisting of the cystatin motif, QXVXG, and the other containing the conserved tryptophan residue near the C-terminus.
3
) In addition, a unique consensus sequence, [LVI]-[AGT]-[RKE]-[FY]-[AS]-[VI]-X-[EDQV]-[HYFQ]-N, was found at the N-
terminal proximity of phytocystatins. Based on its high homology with oryzacystatin-I, a molecular model of the putative pineapple cystatin could be built without any gross structural rearrangement (data not shown) by using the oryzacystatin-I NMR structure 27) as a template.
Functional expression of the putative pineapple cystatin in E. coli
The putative pineapple cystatin clone was constructed in a fusion or non-fusion expression vector, and then over-expressed in E. coli BL21 (DE3). At first, the nonfusion recombinant protein was poorly expressed (data not shown) in comparison with the over-expression of the fusion recombinant protein (Fig. 2A) . After an additional start codon had been inserted prior to its coding sequence, the expression level of the non-fusion recombinant protein was highly elevated (Fig. 2B) . The fusion recombinant protein was 3 kDa larger than the non-fusion type; nevertheless, both recombinant proteins were predominantly present in the soluble fraction of the E. coli cell lysate. The molecular mass of the non-fusion recombinant protein estimated by SDS-PAGE was 20 kDa, much larger than the theoretical mass (15.5 kDa) calculated from the deduced amino acid sequence of the putative pineapple cystatin clone. The anomalous electrophoretic behavior of this pineapple cystatin was presumably caused by its high content of negatively charged amino acids as has also been observed in other acidic proteins such as plateins 28) and HPV16 E6 protein. 29) A western blotting analyses revealed that both recombinant proteins could be recognized by antibodies raised against the non-fusion recombinant protein (Fig. 2C, D) . A reverse zymographic assay indicated that both recombinant proteins were functionally active as phytocystatins and were resistant to papain digestion in a gel. However, no inhibitory activity against bromelain was apparent by the reverse zymogram assay (data not shown).
Affinity purification of the recombinant cystatins
To characterize the properties of pineapple cystatin, the fusion and non-fusion recombinant pineapple cystatins were each purified. The soluble fraction of the E. coli cell lysate with the expressed fusion or nonfusion recombinant cystatin was subjected to His-tag or papain-coupled affinity chromatography.
23) The recombinant cystatins were purified to apparent homogeneity as revealed by SDS-PAGE (Fig. 3A) . Both the affinity-purified recombinant cystatins were confirmed by western blotting analyses (Fig. 3B) , and approximately 63.7 mg of the fusion recombinant protein and 3.7 mg of the non-fusion type could be respectively obtained from a 1-liter culture.
Inhibitory activity of the recombinant pineapple cystatins toward papain
To determine and compare the functional activity between the fusion and non-fusion recombinant cystatins, both affinity-purified proteins were subjected to an inhibitory activity analysis toward papain (Fig. 4) . Both the fusion and non-fusion recombinant cystatins showed The total proteins were extracted from E. coli cells over-expressed in a fusion or non-fusion vector before or after IPTG induction, fractionated into the precipitate and supernatant, and resolved by SDS-PAGE. (C and D) The duplicate gels were transferred on to a nitrocellulose membrane and then subjected to immunoblotting, using antibodies against the non-fusion recombinant cystatin. Labels on the left indicate the fusion and non-fusion recombinant pineapple cystatins of 23 kDa and 20 kDa, respectively. effective inhibitory activity against papain in a dosedependent manner at a low molar ratio of cystatin/ papain (<0:15) with K i values of 1:18 Â 10 À10 and 9:53 Â 10 À11 M, respectively. These results indicated that the pineapple cystatin could strongly inhibit the proteolytic activity of papain as effectively as by other reported phytocystatins.
3)
Temperature effect of the purified recombinant pineapple cystatins
To assess the thermal stability of the pineapple cystatin, the papain inhibitory activities of both recombinant cystatins were measured at various temperatures (Fig. 5A) . Our observation showed almost the same thermal stability with both fusion and non-fusion recombinant cystatins. Pineapple cystatin was thermostable up to 60 C, but rapidly lost its inhibitory activity when the incubation temperature was above 75 C. When incubated at 100 C, both recombinant cystatins lost 70% of their inhibitory activity within 3 min (Fig. 5B) . The results suggest that the pineapple cystatin was a thermostable protein with no significant influence on its inhibitory activity from an extension sequence, e.g., 6xHis-tag, attached to its N-terminus.
Effect of the recombinant cystatins on the protein degradation in minced fish muscle
The myosin degradation and subsequent textural destruction caused mainly by endogenous cysteine proteases create the serious problem of postmortem muscle softening in seafood and meat during food storage and processing. 30, 31) To preserve the quality of seafood and meat, supplementation with cystatins has been considered to prevent protein degradation during food processing. 32, 33) The Japanese topeshark is a popular fish muscle for preparing surimi in Taiwan. The minced dorsal muscle was selected for evaluating pineapple cystatin in preventing proteolysis. The endogenous protease activity was measured to ascertain whether 1 g of protease was present in 32 g of minced muscle by using papain as a standard. Severe myosin heavy chain degradation was observed when the minced muscle was incubated at 55 C for 30 min, a condition that is used to prepare surimi (Figs. 6A and B) . This phenomenon was progressively prevented by adding an increasing amount of purified recombinant cystatin. The result revealed that the degradation of myosin heavy chain resulted from the proteolytic activity of endogenous cysteine proteases in the minced muscle, and suggests that the inclusion of pineapple cystatin during seafood processing might sufficiently reduce such proteolysis.
Discussion
The utilization of a crude protein extract from pineapple stem as a folk medicine can be traced back fifty years. In addition, bromelain, ananain, and comosain partially purified from pineapple stem have demonstrated their potential therapeutic actions toward trauma, inflammation, autoimmune diseases, and malignant disorders.
11) The mechanism for these pharmacological effects is not yet fully understood, but the effect is unlikely to be accomplished by a single protein.
Although several specific proteins have been identified in pineapple stem in the past decade, many are still unknown. 13, 34, 35) A cDNA clone encoding a phytocystatin was obtained from pineapple stem in this study.
The recombinant pineapple cystatins over-expressed in E. coli possessed inhibitory activity against papain with similar K i values to those of other phytocystatins reported previously.
3) Compared with the non-fusion recombinant cystatin, the attachment of the His-tagged sequence at the N-terminus of the fusion pineapple cystatin had no effect on its inhibitory activity. However, the expression of non-fusion recombinant cystatin in E. coli seemed to be less efficient than the 6xHis fusion expression, unless an additional start codon was inserted prior to its coding sequence. This may have been due to the enhanced translation efficiency by increasing the base pairing between sequences downstream of the initiation codon and the complementary 16S rRNA in E. coli as proposed by Etchegaray et al. According to the results of protease inhibitory assays, bromelain, a major cysteine protease extracted from pineapple stem, could not be inhibited by the recombinant pineapple cystatin, neither could chicken cystatin and other phytocystatins from rice, barley and carrot as reported previously. 5, [37] [38] [39] The result here reveals that pineapple cystatin was not an endogenous inhibitor of bromelain. In fact, the inhibitors of bromelain have been isolated 34) and their corresponding genes cloned. 14) Bromelain inhibitors are neither homologous to the cystatin family nor composed of the essential regions for inhibitory activity that are found in cystatins. Unexpectedly, they possess a similar structure and S-S pairing localization to the Bowman-Birk trypsin/chymotrypsin inhibitor, indicating that they have evolved from the same ancestor and differentiated for diverse functions during evolution. 40) Nevertheless, further investigation on the cellular localization of cystatin in pineapple stem and identification of its endogenous or exogenous target proteases are indispensable for understanding the physiological role of pineapple cystatin in detail.
Cysteine proteases such as papain and bromelain have long been used as meat tenderizers for their broad spectrum of substrate specificity. However, excessive degradation has been observed during processing. On the other hand, endogenous cysteine proteases in seafood and meat have been found to be activated during meat or surimi processing, and might have a deleterious effect on textural destruction responsible for meat softening and surimi gel weakening. [30] [31] [32] Adding chicken cystatin during surimi processing has been shown to effectively eliminate protein decomposition. 33) However, the low abundance of cystatins in living organisms leads to a high production cost for their commercial application. The over-expression of functionally active cystatins in microorganisms seems to be an economically advantageous solution. Having intradisulfide bonds, cystatins of animal origin are troublesome in terms of the functional expression in microorganisms. Lacking an intra-disulfide bond, phytocystatins are presumably adequate targets for bacterial expression. As demonstrated in this study, the recombinant pineapple cystatin could be easily and inexpensively produced as a functional protein in a prokaryotic expression system on a large scale. We are currently undertaking the expression of pineapple cystatin in a generally recognized as safe (GRAS) microbes such as Bacillus and yeast for its potential utilization as a food ingredient. 
